Ordered one-dimensional C 60 chains on a vicinal Cu template were studied by angle-resolved photoemission. A complete structural model for C 60 on Cu͑553͒ is proposed, where two differently coordinated and oriented C 60 molecules self-assemble in chains along the steps of the vicinal substrate. The highest occupied molecular orbital-derived peak shows a broad Gaussian line shape with features dispersing up to 400 meV along the chains. The line shape is interpreted in terms of a strong electron-phonon interaction leading to the formation of polarons with a spectral function dominated by incoherent multiphonon excitations. The large dispersion of this incoherent peak derives from a particularly favorable relative orientation of the molecules and is in good agreement with the one-electron band structure calculated by density functional theory, which indicates that the photoelectrons carry some memory of the frozen lattice.
Ordered one-dimensional C 60 chains on a vicinal Cu template were studied by angle-resolved photoemission. A complete structural model for C 60 on Cu͑553͒ is proposed, where two differently coordinated and oriented C 60 molecules self-assemble in chains along the steps of the vicinal substrate. The highest occupied molecular orbital-derived peak shows a broad Gaussian line shape with features dispersing up to 400 meV along the chains. The line shape is interpreted in terms of a strong electron-phonon interaction leading to the formation of polarons with a spectral function dominated by incoherent multiphonon excitations. The large dispersion of this incoherent peak derives from a particularly favorable relative orientation of the molecules and is in good agreement with the one-electron band structure calculated by density functional theory, which indicates that the photoelectrons carry some memory of the frozen lattice. 
I. INTRODUCTION
The fabrication of one-dimensional structures on surfaces is attracting considerable interest for possible applications in nanoelectronics. [1] [2] [3] If the electrons are confined to move along a single direction, correlations become more important and these systems are expected to show novel and exotic behaviors. 4 C 60 chains are particularly interesting candidates for such studies because of the rich transport properties of the molecule in the solid phase, ranging from metallic to Mott-Hubbard insulating and superconducting behavior. 5 Angle-resolved photoemission spectroscopy ͑ARPES͒ has evolved as the standard tool to map the electronic structure of complex solids. It is traditionally interpreted in a picture appropriate for weakly interacting systems, where Lorentzian peaks trace the dispersion of quasiparticlelike electronic states. This applies to the C 60 lowest unoccupied molecular orbital ͑LUMO͒ in the metallic phase where the dispersion was found to be consistent with band structure calculations renormalized due to the coupling with high-energy phonons. 6 A different approach is necessary for a fully occupied molecular level such as the C 60 highest occupied molecular orbital ͑HOMO͒. Gas phase experiments indicate that the photohole heavily couples to cage vibrational modes leading to the formation of polarons. [7] [8] [9] The resulting photoemission spectrum is dominated by incoherent multiphonon excitations and can be described by a series of discrete peaks in a Gaussian envelope. In a neutral C 60 molecule the HOMO is a fivefold-degenerate fully occupied h u orbital. In the solid state the energy levels split and the overlap of the orbitals broadens the levels to five electronic bands. For bulk C 60 , a total bandwidth of 600 meV has been calculated within the local density approximation. 10 A dispersion of this magnitude should be clearly resolved in ARPES, whose energy and momentum resolution are far better. However, the reported experimental results are conflicting: Early ARPES data taken at very low photon energies, where final-state effects may be important, indicated a large bandwidth of up to 1 eV. 11, 12 On the other hand, from angle-integrated photoemission it was estimated that the HOMO dispersion should be no larger than 70 meV, consistent with a large mass enhancement due to the formation of polarons. 7 In this paper, we present a consistent picture of electronic excitations from the C 60 HOMO in the solid state. Investigating one-dimensional molecular chains with ARPES, we find that the HOMO exhibits a broad Gaussian line shape with features following the one-electron bands calculated within density functional theory ͑DFT͒. The apparent inconsistency between a broad linewidth and a weakly renormalized dispersion is resolved by invoking a Franck-Condontype model for the photoemission process, where the spectrum is dominated by incoherent weight representing transitions to various vibrationally excited final states. Recent calculations by Rösch and Gunnarsson showed that in this case the peak center of gravity traces the dispersion of the frozen lattice and does not reflect the quasiparticle velocity. 13 The actual quasiparticle has only negligible weight in the spectrum. Its dispersion can be estimated from the onset of the Gaussian envelope and is found to be consistent with a polaronic model for the HOMO.
II. EXPERIMENT
Experiments were performed in an UHV system, combining a Park VPII scanning tunneling microscope ͑STM͒ with a VG ESCALAB spectrometer, modified for fully automated angle-scanned x-ray and uv photoemission experiments. 14, 15 X-ray photoelectron diffraction ͑XPD͒ has been performed using Mg K␣ radiation with the sample at room temperature. All ARPES data were taken at 21.22 eV photon energy ͑He I␣ radiation͒ using a monochromatized high-flux He discharge lamp. The resolution parameters were set to ⌬E Ͻ 40 meV and ⌬ Ͻ 0.8°full width at half maximum ͑FWHM͒. Cu͑553͒, the stepped surface used in this work, is a B-type vicinal of Cu͑111͒ with ͑111͒ step facets. The nominal terrace width is 9.8 Å, which is close to the van der Waals diameter of the C 60 molecules. The single crystal has been prepared and characterized as described in a previous publication. 16 C 60 powder ͑99.9%͒ was sublimated from a titanium crucible onto the surface held at 600 K.
III. RESULTS AND DISCUSSION
The structure of one monolayer of C 60 /Cu͑553͒ is described in Fig. 1 . STM images show that the molecules form long chains of alternating brightness aligned along the step direction of the substrate ͓Fig. 1͑a͔͒. The separation between the chains corresponds to a 4% expansion of the hexagonal pattern perpendicular to the steps. As discussed in Ref. 17 , the size of the C 60 unit cell and the type of vicinal surface ͑B type͒ imply two different C 60 adsorption sites with different coordinations to the ascending steps. From the observation that C 60 vacancies are more frequent in the bright chains it was conjectured that the molecules in the bright chains have a lower binding and coordination to the substrate. Further important structural information is provided by the sucessful interpretation of x-ray photoelectron diffraction patterns. The experimental C 1s XPD pattern from the ordered C 60 monolayer is displayed in Fig. 1͑b͒ . The data were measured in the forward scattering regime ͑E kin = 970 eV͒ and are presented as a stereographic projection in a linear gray scale with maximum intensity corresponding to white. The pattern has been averaged exploiting the symmetry of the substrate perpendicular to the steps and normalized to a smooth polarangle-dependent background typical for adsorbate emission. Figure 1͑c͒ shows the result of single-scattering cluster ͑SSC͒ calculations for a superposition of C 60 molecules adsorbed on a pentagon and on a hexagon ring, with the bonding normal to the ͑111͒ terraces. While the pentagon-bonded molecules have a single orientation, two symmetryequivalent orientations of the hexagon-bonded molecules were considered. Comparing Figs. 1͑b͒ and 1͑c͒ it is seen that the experimental data are well described by these orientations since most of the prominent features in the XPD pattern are well reproduced in the calculation. The different STM contrast between the chains is thus consistent with the coexistence of two molecular orientations, where the higher density of states of the LUMO on the pentagon rings 18 suggests that the bright chains are the pentagon-bonded ones. A real space model of the dual chain structure is presented in Fig. 1͑d͒ . Figure 2 shows a valence band normal emission spectrum from the one-dimensional ordered structure. Below 2 eV binding energy significant substrate emission from the Cu d bands is visible. 19 The C 60 HOMO contributes a broad peak at 1.65 eV. In a coherent quasiparticle picture, the spectral function should be approximately Lorentzian with a width determined by the photohole lifetime. Interestingly, a fit of the low-energy side of the peak shows that the line shape of the HOMO compares far better with a Gaussian. Hybridization between Cu and C 60 electronic states could probably justify the large width but not the line shape of the peak. This can be explained by the strong coupling between the h u orbital and the low-energy vibrations of the C 60 cage, 20 which leads to multiphonon excitations during the photoemission process. In this case, according to the Franck-Condon principle for molecular systems, 21 the spectral function consists of a series of discrete peaks, the intensities of which follow a Poisson distribution. When the number of excited phonons is large, the envelope function becomes a Gaussian, 22 in perfect agreement with the experimental line shape of the C 60 HOMO. The coherent quasiparticle peak, which represents a transition without phonon excitations, should appear as a sharp feature at the onset of the Gaussian envelope but its spectral weight is completely suppressed. This behavior is in line with the formation of polarons, as suggested also for other systems where strong electron-phonon coupling is present. [23] [24] [25] [26] Figures 3͑b͒ and 3͑c͒ show single spectra at different emission angles along the azimuthal cut A and the polar cut B of Fig. 3͑a͒ . The azimuthal cut is measured at a polar angle of of 44°around ͓3310͔ ͑ =0°͒ and it crosses the center of many C 60 Brillouin zones. The polar cut is along ͓3310͔, the direction perpendicular to the C 60 chains. Along the azimuthal scan there are changes in position and width of the broad HOMO peak that are indicative of dispersion, while perpendicular to the chains we observe only small variations of the peak position, as expected for a quasi-one-dimensional system. The angular intensity distribution maps of Figs. 3͑d͒ and 3͑e͒ show high intensity in a broad energy range between 1.4 and 1.9 eV. On top of it, along the azimuthal scan, a peak disperses at least 250 meV. The first zone is an exception since most probably around = 0°there is a significant contribution of the Cu sp band, as confirmed by DFT calculations of the copper band structure performed using the linear augmented plane-wave method as implemented in the WIEN code. 27 The same HOMO dispersion was observed at a different photon energy ͑He II␣ radiation͒. This makes it unlikely that the angular dependence of the C 60 -derived peak is due to a final-state effect, i.e., dispersion of unoccupied bands with favorable matrix elements. 11, 12 The large dispersion of the HOMO is in contrast with the significant enhancement of the effective mass expected for the formation of polarons. In order to investigate the origin of these dispersing features we calculated the HOMO band structure for a free-standing C 60 layer within density functional theory in the local density approximation ͑DFT-LDA͒ ͑Fig. 4͒. First, we consider only chains with a unique molecular orientation: molecules adsorbed on the pentagon ͑a͒ and on the hexagon ͑b͒ according to the XPD pattern. The calculations show that the relative molecular orientation is a very sensitive parameter: Along the chains, the total bandwidth is 350 meV for molecules lying on the pentagon, while all other orientations we considered gave smaller values. For molecules adsorbed on the hexagon, the bandwidth is only 170 meV. Figure 4͑c͒ displays the HOMO dispersion for the experimental chain structure with two C 60 molecules in the   FIG. 3 . ͑Color online͒ ͑a͒ Sketch of the C 60 Brillouin zone and scan directions of the azimuthal cut A and the polar cut B, shown in ͑d͒ and ͑e͒, respectively. The azimuthal cut is measured at a polar angle of 44°around ͓3310͔ ͑ =0°͒. The polar cut is along ͓3310͔, the direction perpendicular to the C 60 chains. ͑b͒ and ͑c͒ Sets of energy distribution curves measured along the azimuthal cut A and along the polar cut B, respectively. ͑d͒ and ͑e͒ Angular intensity distribution maps along the azimuthal cut A and the polar cut B. The photoemission intensity is displayed on a linear gray scale with black at maximum intensity. unit cell. Along the chains ͑⌫ Ȳ ͒ the dispersion is very similar to a simple superposition of the two orientations ͑a͒ and ͑b͒. Perpendicular to the chains ͑⌫ X ͒ the bands are rather flat with a dispersion of up to 25 meV. The clear anisotropy between the two directions indicates, in agreement with the experiments, that the electronic coupling between the molecules occurs predominantly along the chains. The pronounced one-dimensional character can be due to the 4% increased distance between the chains and/or to the different molecular orientations. These two aspects of the structure have a dramatic effect on the intermolecular hopping because of the high angular momentum ͑L =5͒ of the HOMO and because it is built of 2p orbitals that point radially out of the cage and decay very rapidly with the distance. 5, 28, 29 Band structure calculations for different geometries of the unit cell indicate that the larger distance between the molecules in the perpendicular direction is the main cause of the quasi-onedimensional dispersion.
Pentagon-bonded C 60 molecules have never been observed so far in monolayer systems on low-index metal surfaces, 30 and their formation might be related to the coordination of the molecules to the substrate step. Total energy calculations for a two-dimensional free-standing layer of C 60 chains indicate that chains of molecules with a hexagon ring parallel to the layer ͑hexa͒ as depicted in Fig. 4͑b͒ are more stable than those with a pentagon ring parallel to the layer ͑penta͒ ͓Fig. 4͑a͔͒. With respect to the hexa structure, the total energy for alternating chains of pentagon-and hexagonbonded molecules is 25 meV/ C 60 higher and for pentagonbonded chains it is 49 meV/ C 60 higher. The facts that theory favors for free-standing layers hexa chains and that the experiment indicates alternating penta-hexa chains for C 60 on Cu͑553͒ signal an active role of the substrate for the formation of this peculiar molecular arrangement.
Following a Franck-Condon-type model for the photoemission process, for each of the ten HOMO bands of Fig.  4͑c͒ we would expect one broad Gaussian peak due to incoherent multiphonon excitations and at the onset of intensity one quasiparticle peak. The true quasiparticle dispersion for each band is very difficult to extract because of the low spectral weight. However, the momentum dependence of the peak width indicates small dispersion at the onset of the HOMO. Figure 5 shows that the width ⌫͑k͒ of the overall Gaussian envelope increases directly proportional to the peak position ⑀͑k͒. This linear behavior cannot be explained as the combined effect of the ten bands dispersing according to DFT ͓Fig. 4͑c͔͒, nor by a different chemical potential or charge state of the two chains ͑see below͒. It is rather interpreted as an intrinsic property of the peak line shape. The same effect has been reported for the undoped cuprates in the polaronic regime. 24 In that case, recent spectral function calculations for strong electron-phonon coupling confirm the dependence of the width on the binding energy. 31 A tentative position of the quasiparticle peak has been derived from the position ⑀͑k͒ and the FWHM ⌫͑k͒. In Fig. 6͑b͒ this is done by mapping the onset of the peak at ⑀͑k͒ + ⌫͑k͒, where the intensity has decayed to 1% of the maximum. The quasiparticle peak is around 1.1 eV and disperses less than 50 meV, which is consistent with a polaronic model for the HOMO. At higher energy the photoemission intensity is dominated by incoherent excitations. In order to disentangle the contribution of the different bands, we performed a fit to the angle resolved spectra with Gaussian functions ͓Figs. 6͑a͒ and 6͑b͔͒. We obtain a good fit with two components with a fixed relative weight of 9:1 ͓Fig. 6͑a͔͒. The first component disperses very little around 1.61 eV and it is interpreted as the combined signature of the nine bands that according to the calculation have bandwidths smaller than 200 meV. The second component shows dispersion up to 400 meV. In order to compare these results with the DFT band structure, the latter has been shifted in energy to align the band with largest dispersion ͓solid line in Fig. 3͑c͔͒ to the second component. The position of the Gaussian traces the dispersion of the DFT band with excellent agreement. This has also been observed in the undoped cuprates, where the dispersion of a broad peak matches the quasiparticle dispersion calculated in purely electronic models. 24 The position of the first Gaussian, which corresponds to the center of gravity of the nine bands, is then 80 meV lower in energy than in the calculation. This shift can indicate a different position of the chemical potential for the two C 60 chains. Charge transfer from the substrate to the molecule in the order of one electron per C 60 has been reported on Cu͑111͒, 19, 32 6 . ͑Color online͒ ͑a͒ Fit to the angle-resolved spectra with two Gaussian components after background subtraction. ͑b͒ Quasiparticle ͑QP͒ dispersion as determined by the onset of the peak ͑dots͒. Positions of the two Gaussians from the fit ͑squares and circles͒. The dash-dotted line indicates the center of gravity of the nine DFT bands that disperse less than 200 meV. The DFT band with the largest dispersion is projected on the same azimuthal scan ͑full line͒.
ing can be expected for the two C 60 chains, because the bonding geometry to the substrate is not the same ͓Fig. 1͑d͔͒. A second possible reason for the shift in energy is that the electric field at the interface not only induces charge carriers but also polarizes the molecules and produces a significant splitting of the molecular levels ͑Stark effect͒. Wehrli et al. calculated the splitting of the HOMO for an electric field strong enough to transfer 1 e /C 60 . 33 When the field is along the C 5v and the C 3v axes of the molecule, the expected Stark splitting is around 55 and 30 meV, respectively. If the field is along the C 5v axis, i.e., molecules with the pentagon ring facing the surface, four levels move to lower and one to higher binding energy, which is consistent with the experiment.
IV. CONCLUSIONS
We have presented the quasi-one-dimensional electronic structure of C 60 chains grown on a vicinal template. Large dispersion of the HOMO derives from a particularly favorable relative orientation of the molecules along the chains. Following a Franck-Condon-type model for the photoemission process, the broad Gaussian line shape of the HOMO is interpreted as the incoherent part of the spectrum. Its dispersion follows the one-electron band structure in agreement with recent calculations. 13 Weak dispersion at the onset of the HOMO peak is compatible with a strongly renormalized quasiparticle due to the formation of polarons. These results represent a comprehensive picture of electronic excitations from a fully occupied molecular level and can be applied to other systems with strong electron-phonon coupling, such as the C 60 LUMO in the insulating K 4 C 60 and K 6 C 60 phases. 23 
